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ABSTRACT: Water availability is one of the limiting factors to crop growth in arid and semi-
arid areas such as the Central Ebro Valley (Northeast Spain). To improve the water management 
in the Flumen district, accurate net water requirements (Vn) are required. Remote sensing tech-
niques have been shown to be a useful tool to provide reliable data with spatial and temporal 
variations. A comparison analysis was carried out to assess the agreement between monthly crop 
water requirements (WRn) and Vn obtained from a combination of remote sensing techniques and 
meteorological data (e.g. SEBAL), and from applying the FAO guidelines. The WRnSEBAL values 
showed a fair agreement against WRnFAO, and a good agreement between VnSEBAL and VnFAO, and 
between VnSEBAL and the water delivered recorded by the Ebro Hydrographical Confederation 
(CHE), VnCHE. Thus, the SEBAL method represents actual crop/land conditions in contrast to the 
FAO method that is based on a theoretical crop development. 
1 INTRODUCTION 
Today, policies to improve water resources development and management at every scale (local, re-
gional, national, etc.) involve the reduction of water misuse through the maximisation of water use 
efficiencies (Rogers et al., 2002). Thus, special attention has been paid to the agriculture sector, 
particularly in arid and semi-arid zones, where water availability is one of the limiting factors to 
crop growth. Improvements in crop production under limited water supplies can be achieved 
through a better understanding of the climate and crop characteristics (Perry, 2003). For that a 
quantitative assessment of the components of the hydrological cycle at different scales (local, river 
and catchment basin) is desirable. To support this analysis, it is necessary to consider spatially dis-
tributed data integrated over longer time periods for the study area. However, a constant problem is 
that available information is scarce, fragmented, outdated or otherwise unsuitable for management 
purposes (GWP TAC, 2000). 
To satisfy data requirements to assess water and land conditions, remotely sensed data is a use-
ful alternative to provide reliable spatial and temporal information. The combination of remotely 
sensed and ground data has created more realistic and physically based models to analyse hetero-
geneous evaporative surfaces (Schultz and Engman, 2000). This permits accurate estimations of the 
real crop water requirements (WRn) and net water requirements (Vn) for the irrigated district. The 
Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998) is a useful re-
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mote sensing technique that provides instantaneous and daily ET values on a pixel-by-pixel basis. 
SEBAL gives daily data for the overpass satellite date, thus for longer periods (e.g. monthly and 
seasonal), a temporal interpolation is required using ground-based data. The purpose of the study is 
to assess whether the SEBAL procedure can be used successfully to provide inputs to water man-
agement models. The study also examined whether the SEBAL procedure could be integrated into 
the IRRIVOL methodology used in the Flumen district of the central Ebro Basin, Spain, to com-
pute Vn. IRRIVOL is a methodology that has been applied since 1993 (Casterad and Herrero, 1998) 
that follows the FAO guidelines (Doorenbos and Pruitt, 1977) to compute WRn, using meteorologi-
cal data, and Vn, using the WRn (obtained previously) and cropped areas obtained by satellite data. 
2 STUDY AREA 
The study was carried out in the Flumen District of the Central Ebro Basin, Aragón, Spain (see Fig. 
1). The Flumen District has an area of 32,729 ha, including a 50 years old main irrigation district 
and some old irrigated lands (i.e. huertas, older than six centuries) along the rivers banks. Most 
plots are basin and border irrigated, though sprinkler irrigation is now common. The climate 
is semi-arid with a high tendency to aridity (Cuadrat, 1999). The mean annual precipitation is 435 
mm, the mean annual air temperature is 14.3 oC, and the mean annual evapotranspiration (ETo) is 
1142 mm (Martínez-Cob and Tejero-Juste, 2004). Irrigation makes it possible to grow a variety of 
crops, although the salinity of some soils is a constraint for agriculture. The main crops grown are: 
winter cereals (barley and wheat), maize, alfalfa, forage, rice, and sunflower covering an area 
around 66% of the District. Other crops such as fruit trees, flax, vegetables, olive and vine are 
found, but are less common (2% in total) (Herrero and Casterad, 1999).  
Figure 1. Location of the Flumen district at central Ebro Basin, Northeast Spain. 
3 DATA AND METHODS 
This study examined data from meteorological, water use and satellite overpass sources over a 
four-year study period (1997–2000). Meteorological data were collected from the Sariñena and 
Monflorite Automatic Weather Stations (EMAs) and a portable weather station (CR10) located 
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within, north and southwest of, the Flumen District, respectively. For a number of years, ETo val-
ues have been calculated using the Sariñena meteorological data with the Blaney-Criddle equation 
corrected by a local coefficient of 0.88. These results have been utilised in the IRRIVOL method-
ology that follow the FAO guidelines to compute WRn and Vn. IRRIVOL computes WRnFAO on a 
monthly basis subtracting the value of effective precipitation (Pe) from the crop ET [=ETo×Kc] ac-
cording to Cuenca (1989). Then WRnFAO values are assigned according to a land classification map 
for each of the six main crops, thus WRnFAO values for each one of the crops are obtained. The 
available hectarage data of each of the six main crops is used to compute Vn per crop, and these are 
then summed up to obtain the total monthly VnFAO.
For the four-year period (1997-2000), thirteen Landsat images (TM and ETM+ sensors) were 
used. Images were acquired for the maximum crop-growth stage periods. Images were used with 
the meteorological data collected from the EMAs to estimate daily actual evapotranspiration (ETa)
using SEBAL. Since the images are limited to the day of satellite overpass, a temporal interpolation 
was required to compute monthly ETa values. This interpolation was achieved using the meteoro-
logical data with the FAO-56 Penman-Monteith equation (Allen et al., 1998). WRnSEBAL were cal-
culated subtracting Pe from ETaSEBAL. Pe was assigned as fixed value to each pixel using Thiessen 
polygons. WRnSEBAL values were multiplied for the hectare of the crop plots to compute Vn consid-
ering all the possible crops classified in the area (VnSEBAL01) and also the six main crops (VnSEBAL02).
WRnSEBAL values were compared with WRnFAO values obtained from previous researches applying 
the IRRIVOL methodology. 
In addition, the Ebro Hydrographical Confederation (CHE) records the water delivered to the 
Flumen District on a continuous daily basis, thus records of the monthly and annual water require-
ments (VnCHE) were available. These records permit analysis for VnCHE among VnSEBAL01, VnSEBAL01,
and VnFAO.
4 RESULTS AND DISCUSSION 
Table 1 shows monthly variation of WRnFAO and WRnSEBAL considering only those months with sat-
ellite images. Alfalfa plus forage, rice, maize, sunflower, wheat and barley, because of their hec-
tares and net crop water requirements, are responsible of most water consumption in the District 
(Herrero and Casterad, 1999). Thus, WRnFAO and WRnSEBAL were obtained for each of these crops. 
One expected that these values would be the same, however of the thirteen images, four results of 
WRnSEBAL showed substantial divergence from WRnFAO: August-1997/1998, June-1999 and July-
1997. For August-1997, a strong rainfall was registered (70 mm) compared with the monthly aver-
age record registered (43.2mm). For June-1999, a rainfall was the same day of the satellite over-
pass. In general, August 1997 and 1998 could be affected by a hot and dry wind presented in the 
area so-called bochorno. As SEBAL is sensitive to irrigation practices, rainfall events and climatic 
variations on the particular instant of satellite overpass, WRnSEBAL values are affected. Also, WRnSE-
BAL values were expected to be lower since they involve the actual conditions on the field. WRnFAO
values consider a theoretical crop development, thus changes in the crop development are not con-
sidered. In this manner, significant WRn differences were observed for type of crop, in particular 
for sunflower (SF), rice (R) and maize (M). As SF has a shorter crop cycle compared with maize, 
in theory SF require more water than M. Results showed that except for May-1998, WRnFAO values 
for SF showed only slight differences against WRnFAO for M. WRnSEBAL values for SF were mostly 
lower than WRnSEBAL values for M, except in May-1998 and June-1999 when significant differ-
ences were obtained between them.  
517Comparison of the SEBAL and the traditional FAO procedure for water volume estimation in an irrigation 
district
Ta
bl
e 
1.
 W
R
n v
al
ue
s u
si
ng
 th
e 
SE
B
A
L 
pr
oc
ed
ur
e 
an
d 
th
e 
FA
O
 g
ui
de
lin
es
 fo
r t
yp
e 
of
 c
ro
p 
du
rin
g 
th
e 
st
ud
y 
pe
rio
d 
fr
om
 1
99
7 
to
 2
00
0.
  
D
at
a 
in
 m
m
⋅
m
on
th
-1
 
 
M
ar
ch
 
A
pr
il 
M
ay
 
Ju
ne
 
Ju
ly
 
A
ug
us
t 
  
  
FA
O
 
SE
B
A
L 
FA
O
 
SE
B
A
L 
FA
O
 
SE
B
A
L 
FA
O
 
SE
B
A
L 
FA
O
 
SE
B
A
L 
FA
O
 
SE
B
A
L
19
97
 
A
FF
O
 
 
 
46
.0
 
85
.9
 
 
 
 
 
15
1.
0 
13
7.
4 
12
9.
0 
74
.0
 
 
R
ic
e 
 
 
 
 
 
 
 
 
36
5.
0 
17
4.
0 
32
8.
0 
11
5.
6 
 
M
ai
ze
 
 
 
 
 
 
 
 
 
18
8.
0 
13
4.
6 
16
6.
0 
88
.7
 
 
Su
nf
lo
w
er
 
 
 
 
 
 
 
 
 
18
9.
0 
12
9.
0 
16
4.
0 
50
.2
 
 
W
in
te
r c
er
ea
l 
 
 
13
0.
0 
18
8.
1 
 
 
 
 
 
 
 
 
To
ta
l 
 
 
17
6.
0 
27
4.
0 
 
 
 
 
89
3.
0 
57
5.
1 
78
7.
0 
32
8.
4 
19
98
 
A
FF
O
 
 
 
 
 
92
.0
 
99
.8
 
 
 
16
7.
0 
15
0.
4 
14
3.
0 
95
.5
 
 
R
ic
e 
 
 
 
 
21
3.
0 
95
.4
 
 
 
39
7.
0 
18
5.
3 
34
5.
0 
13
2.
5 
 
M
ai
ze
 
 
 
 
 
46
.0
 
52
.4
 
 
 
20
6.
0 
15
5.
8 
18
2.
0 
11
2.
1 
 
Su
nf
lo
w
er
 
 
 
 
 
32
.0
 
63
.1
 
 
 
20
7.
0 
12
6.
9 
18
0.
0 
72
.6
 
 
W
in
te
r c
er
ea
l 
 
 
 
 
21
6.
0 
22
3.
6 
 
 
 
 
 
 
To
ta
l 
 
 
 
 
59
9.
0 
53
4.
2 
 
 
97
7.
0 
79
0.
3 
85
0.
0 
41
2.
7 
19
99
 
A
FF
O
 
16
.0
 
54
.8
 
53
.0
 
70
.2
 
 
 
15
2.
0 
13
6.
0 
 
 
95
.0
 
10
2.
9 
 
R
ic
e 
 
 
 
 
 
 
34
6.
3 
14
6.
5 
 
 
34
5.
3 
14
5.
4 
 
M
ai
ze
 
 
 
 
 
 
 
19
1.
0 
79
.6
 
 
 
12
9.
0 
12
6.
4 
 
Su
nf
lo
w
er
 
 
 
 
 
 
 
19
2.
0 
11
7.
7 
 
 
12
8.
0 
95
.3
 
 
W
in
te
r c
er
ea
l 
58
.0
 
98
.6
 
14
0.
0 
13
6.
0 
 
 
 
 
 
 
 
 
 
To
ta
l 
74
.0
 
15
3.
4 
19
3.
0 
20
6.
1 
 
 
88
1.
3 
47
9.
8 
 
 
69
8.
3 
47
0.
0 
20
00
 
A
FF
O
 
58
.0
 
87
.5
 
 
 
 
 
13
4.
0 
14
4.
0 
 
 
95
.0
 
21
6.
3 
 
R
ic
e 
 
 
 
 
 
 
30
0.
7 
12
5.
7 
 
 
28
8.
9 
16
1.
7 
 
M
ai
ze
 
 
 
 
 
 
 
10
8.
0 
73
.4
 
 
 
12
9.
0 
13
4.
8 
 
Su
nf
lo
w
er
 
 
 
 
 
 
 
10
2.
0 
73
.0
 
 
 
12
8.
0 
10
0.
2 
 
W
in
te
r c
er
ea
l 
14
5.
0 
28
.1
5 
 
 
 
 
71
 
62
.1
 
 
 
 
 
  
To
ta
l 
20
3.
0 
11
5.
7 
 
 
 
 
71
5.
0 
47
8.
2 
 
 
64
0.
9 
61
3.
0 
A
FF
O
 c
on
si
de
rs
 a
lfa
lfa
 a
nd
 fo
ra
ge
 c
ro
ps
. W
in
te
r c
er
ea
l c
on
si
de
rs
 w
he
at
 a
nd
 b
ar
le
y.
 
518 J. Ramos, M.A. Casterad, A. Martinez Cob, C.R. Cratchley, J. Herrero Isern & J.A. Kay
In general, SF-WRnFAO values were often higher compared with M-WRnSEBAL. This agrees with 
the practice achieved in the Flumen district, where WRn values for SF computed using FAO tend to 
be overestimated and also because the SF cropping density is low (Casterad et al., 2000). In the 
case of R, the WRnFAO were estimated considering flood irrigation conditions (Casterad et al., 
2000), WRnFAO were expected to be higher than WRnSEBAL as was observed. Previous researches 
carried out in the Flumen showed that WRnFAO estimations for R without considering flood irriga-
tion conditions were often underestimated, thus in this case figures obtained for R-WRnFAO were 
considered the real demands and, in consequence, R-WRnSEBAL values were considerably lower 
(less than half). In addition, R-WRnSEBAL values could be referred more to a water layer instead the 
crop conditions, since the SEBAL algorithm used did not consider open water bodies. Fig. 2 shows 
a scatter diagram of the total WRnFAO and WRnSEBAL values, with a correlation coefficient (R2) of 
0.67. To analyse the real agreement between total WRnFAO and WRnSEBAL values, Fig.3 presents the 
differences between the two methods SEBAL and FAO against the average of the two estimations. 
Figure 2. Total monthly WRn values estimated using SEBAL and FAO methods.
Figure 3. Difference between WRnSEBAL and WRnFAO plotted against the average. 
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According to Fig.3, the distribution around zero shows a large difference (between 300 and 500 
mm) for four points corresponding to August-1997/1998, June-1999 and July-1997. These large 
differences are directly related to the appreciable difference for R-WRn and also they coincided 
with the climatic and atmospheric influences for Agust-1997/1998. Removing them from the 
analysis improves R2 (0.88) but the distribution size does not improve at all (+350 to -150 mm), 
thus the agreement between the two methods is only fair.  
In order to compare results against true values, Vn values were compared. Table 2 lists monthly 
Vn values obtained for the study period. The VnFAO values were calculated for each crop, multiply-
ing WRn for the hectares covered without including irrigation efficiencies except for R and then 
these values are summed up (Martín-Ordóñez et al., 2000). VnSEBAL values were obtained directly 
from the map generated from WRnSEBAL × crop hectares without consider any other efficiency than 
the actual crop conditions.  
Table 2. Monthly net water volumes (Vn) obtained using WRnSEBAL and WRnFAO and their relationship 
with the CHE invoices for the Flumen district. Data in cubic hectometers (1×106m3).
CHE SEBAL01 CHE/SEBAL01 SEBAL02 CHE/SEBAL02 FAO CHE/FAO
1997      
April 13.9 11.70 1.19 7.30 1.90 4.35 3.20 
July 27.9 26.90 1.04 24.40 1.14 37.50 0.74 
August 31.3 15.30 2.05 14.80 2.11 33.10 0.95 
1998        
May 23.6 18.70 1.26 18.70 1.26 21.70 1.09 
July 35.4 28.40 1.25 23.80 1.49 35.10 1.01 
August 33.6 17.60 1.91 16.10 2.09 30.50 1.10 
1999        
March 0.4* 8.20 0.05 6.80 0.05 2.85 0.14 
April 9.6 10.50 0.91 8.70 1.10 7.88 1.22 
June 20.0 21.50 0.93 15.90 1.26 23.00 0.87 
August 14.5 16.10 0.90 13.70 1.06 16.20 0.90 
2000        
March 9.3 6.60 1.41 5.00 1.86 13.50 0.69 
June 23.3 18.80 1.24 18.60 1.25 29.00 0.80 
August 32.3 22.90 1.41 20.10 1.61 22.20 1.45 
* This value was not considered in the analysis for be atypical. It is related to water shortage in the main 
dams.  
VnSEBAL01 considers the water use in the whole area including the six main crops and some other 
crops with small areas covered such as flax, vegetables or fruit trees. VnSEBAL02 only includes the 
main six crops analysed. Thus, VnSEBAL01 is expected to have a better relationship with VnCHE, which 
was confirmed in Table 2 when recognising that August-1997 and 1998 have abnormalities in SE-
BAL values. VnSEBAL01 (except for 1999) and VnSEBAL02 figures showed a tendency to underestimate 
the VnCHE values, this may be correct if one considers that the crop development and management 
vary in the field and SEBAL includes this variation pixel-by-pixel. This variation is not considered 
for the VnFAO values, which show a close relationship with VnCHE values. However, as VnFAO, except 
for R, only consider a theoretical crop development and management, they do not represent the ac-
tual conditions at the field. Fig. 4 shows the scatter plots for VnSEBAL02 and VnFAO against VnCHE.
Fig. 4 shows a wider scatter for VnFAO figures (R2 = 0.71) compared with VnSEBAL02 (R2 = 0.63). 
Removing the outlier points: August-97/98 and July-1998 for SEBAL and April-1997 and August-
2000 for FAO, VnSEBAL02 and VnFAO values gives closer R2 figures about 0.83 and 0.85, respectively.  
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Figure 4. Scatter diagrams of the VnSEBAL02 and VnFAO against VnCHE values. 
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Figure 5. Difference between VnSEBAL02 and VnFAO values plotted against average, (VnSEBAL02 + VnFAO )/2. 
In order to know the agreement between the two methods, Fig.5 plots the bias and the mean of 
VnSEBAL02 and VnFAO, which provides a better visual analysis. 
From Fig. 5 is clear that the difference between both methods increases as the average of the 
two increases, thus the agreement obtained is only fair, through a general trend can be observed. 
The mean of the difference or bias between both methods is 7.24 hectm3 and the standard deviation 
of the difference is 6.55 hectm3. The outlier point (March-2000) could be related to crop develop-
ment, since in March winter crops have not a high water demand and summer crops are not sown. 
Thus, far from indicating that both methods are inaccurate, it shows that one method has a major 
sensitivity to atmospheric and weather conditions and the effort expended to irrigate/cultivate dif-
ferent crops (due to crop management, subsidies or market factors). In this case, SEBAL is sensi-
tive to the real condition of the crop whereas FAO is only affected by weather conditions.  
5 CONCLUSIONS 
Despite the variations observed between SEBAL and FAO methods applied in IRRIVOL, and the 
fair agreement obtained for both methods to estimate WRn and Vn, the SEBAL method provides 
data that represent the actual field conditions over large areas. Once outlier values caused by cli-
matic factors during image capture were removed from the analysis the relation between WRnSEBAL
and WRnFAO was significantly improved as well as the relationship between VnSEBAL02 and VnCHE.
The advantage and disadvantage of SEBAL lies in its sensitivity to several factors at the moment of 
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the satellite overpass such as weather (rainfall), atmospheric conditions (e.g. dust), irrigation condi-
tions or changes in the crop development and management. In addition, it is important to consider 
that a continual image acquisition with high spatial resolution is not always possible due to satellite 
characteristics and possible cloud cover. Once these factors are addressed, the SEBAL methodol-
ogy could be an alternative to provide input values to water management models, and offers the 
advantage of values derived from large cropped areas.  
The SEBAL methodology could be integrated into the IRRIVOL methodology to compute ac-
tual WRn and Vn instead of using FAO; work is planned to analyse how WRn and Vn behaves when 
field conditions are considered in the IRRIVOL methodology and to reduce the uncertainties asso-
ciated to external factors. 
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